Aim To assess the effects of 2-hydroxyethyl methacrylate (HEMA) on proliferation and migration of human pulp cells, as well as on matrix metalloproteinase (MMP-2 and MMP-9) expression in human odontoblast-like cells, contributing to the goal of determining the relationship between resin materials and MMP activity in pulp-dentine complexes. Methodology Dental pulp cell cultures were established from pulp tissue of human teeth extracted for orthodontic purposes. Pulp cell differentiation was characterized in the presence of dentine sialophosphoprotein, bone sialoprotein and alkaline phosphatase by reverse transcription polymerase chain reaction. MMP activity was assessed by gelatine zymography with media containing HEMA. Cell viability was evaluated using methyl thiazolyl tetrazolium assay for 24-72 h. Cell migration was tested using Transwell migration assay. Western blotting was used to visualize MMP expression with the nontoxic HEMA concentrations (0-400 lg mL À1 ) for 48 h.
Aim To assess the effects of 2-hydroxyethyl methacrylate (HEMA) on proliferation and migration of human pulp cells, as well as on matrix metalloproteinase (MMP-2 and MMP-9) expression in human odontoblast-like cells, contributing to the goal of determining the relationship between resin materials and MMP activity in pulp-dentine complexes. Methodology Dental pulp cell cultures were established from pulp tissue of human teeth extracted for orthodontic purposes. Pulp cell differentiation was characterized in the presence of dentine sialophosphoprotein, bone sialoprotein and alkaline phosphatase by reverse transcription polymerase chain reaction. MMP activity was assessed by gelatine zymography with media containing HEMA. Cell viability was evaluated using methyl thiazolyl tetrazolium assay for 24-72 h. Cell migration was tested using Transwell migration assay. Western blotting was used to visualize MMP expression with the nontoxic HEMA concentrations (0-400 lg mL À1 ) for 48 h.
Results Pulp cell proliferation decreased with HEMA exposure in a time-and concentration-dependent manner. HEMA concentrations ≤400 lg mL À1 did not induce changes in cell viability at 48 h (P < 0.05). Pulp cells were induced to differentiate into odontoblast-like cells in media containing 5 mg mL À1 ascorbic acid and 10 mmol L À1 b-sodium glycerophosphate for 3-4 weeks. After incubation with HEMA, dosedependent inhibition was observed; HEMA had a strong inhibitory effect on MMP activity. Compared with the control group, cell migration and MMP expression were inhibited significantly with increasing HEMA concentration at noncytotoxic doses (P < 0.05).
Conclusions Cell viability was not affected at HEMA concentrations ≤400 lg mL
Introduction
Matrix metalloproteinases (MMPs) form a family of calcium-and zinc-dependent enzymes that regulate the physiological and pathological metabolism of collagen-based tissues, including the degradation of extracellular matrix and the regulation of programed death and migration in all cell types (Li et al. 2015) . Most dentine-derived MMPs are secreted by odontoblasts during the developmental processes of dentinogenesis and mineralization. MMPs exist in mature mineralized dentine as inactive zymogen precursors surrounded by minerals. MMP precursors become activated when dentine is affected by an unusual enzyme, acidic material, heat treatment or mechanical stress (Davis 1991 , Chaussain-Miller et al. 2006 , Mazzoni et al. 2007 , Kim et al. 2013 , Hirunsai et al. 2015 . Previous studies have demonstrated that human dentine contains mainly collagenases 1 and 2 (MMP-1 and MMP-8), gelatinases A and B (MMP-2 and MMP-9) and stromelysin (MMP-3 and MMP-20) (Sulkala et al. 2002 , Boukpessi et al. 2008 , Mazzoni et al. 2009 , Tj€ aderhane et al. 2013 , Dixit et al. 2015 . The propeptide region is an active domain containing a zinc ion-binding site that maintains zymogen stability. Cleavage activates the zymogen form (Visse & Nagase 2003) . During collagen degeneration, MMP-1 and MMP-8 first decompose collagen fibrils, characterized by triple helical conformation, into short (1/4-and 3/ 4-length) peptides (Creemers et al. 1998) . MMP-2 and MMP-9 recognize these peptides deprived of their triple helical conformation and degrade them into smaller peptidic fragments. Simultaneously, in the degradation of type I collagen, MMP-9 recognizes and degrades residual gelatines, enabling enzymolysis (Tay et al. 2006) . Under physiological conditions, MMP-2 is involved in the formation of the dentinoenamel junction, dentine development and dentine mineralization with age (Martin-De Las Heras et al. 2000 , Satoyoshi et al. 2001 .
Under pathological conditions, MMP-2 is closely related to the formation and development of reparative dentine and conditions such as caries, pulpitis, periapical lesions and periodontitis (Wisithphrom et al. 2006 , Chaussain et al. 2009 , Toledano et al. 2010 , Mazzoni et al. 2015 . Particularly, MMP-2 is involved in degradation of the dentine-collagen matrix, dentinal caries formation and the failure of resin-dentine bonding interfaces (Tj€ aderhane et al. 1998 , Mazzoni et al. 2006 . The distribution of MMP-2 has been reported to differ by level in human coronal dentine (Boushell et al. 2008) . In addition, MMP activity in the hybrid layer and the activation of matrix-bound MMP activity by etching and adhesive application were demonstrated recently (Mazzoni et al. 2012 ).
2-Hydroxyethyl methacrylate (HEMA) is an important component of and the smallest-molecular-weight hydrophilic functional monomer in dentine adhesive materials. The hypothesis of this study was that HEMA would have no inhibitory effect on MMPs. Thus, HEMA was used to treat human pulp cells and differentiated odontoblast-like cells in this study, and its effects on proliferation and migration of human pulp cells, as well as MMP-2 and MMP-9, were assessed. The results provide experimental evidence for the relationship between resin materials and MMP activity in pulp-dentine complexes.
Materials and methods

Sample and ethical considerations
This study was approved by the local ethics committee (approval number: 2014018-2, Kunming General Hospital of Chengdu Military Command) and was carried out in accordance with the principles of the Declaration of Helsinki. Sixteen teeth extracted from 12-25-year-olds for orthodontic purposes were obtained for pulp tissue culture. All donors (or their guardians, for minor donors) provided written informed consent. All data were anonymized to avoid compromise of the security and privacy of donors.
Cell culture
In a super-clean laboratory, each tooth was divided to extract crown pulp tissue, which was cut into fragments, spread in a petri dish and covered with a dedicated coverslip for cell culture. After adding Dulbecco's modified Eagle's medium (DMEM; HyClone, Logan City, UT, USA) containing 10% foetal bovine serum (FBS; HyClone) and 0.2% penicillin/streptomycin (Solarbio, Beijing, China), the petri dish was placed in a CO 2 incubator at 37°C, and the culture medium was changed every 2 days. When the cells reached 80% confluence, trypsin (0.25% trypsin + 0.02% ethylenediaminetetraacetic acid [EDTA] ; Gibco, Grand Island, NY, USA) digestion was performed, followed by a 1 : 1 passage. Healthy pulp cells in the third-fifth generations were cultured to 60% confluence. The pulp cells were cultured in DMEM containing 5% FBS, 5 mg mL 
RT-PCR
Total RNA was extracted from pulp cells before and after the induction of differentiation for 3-4 weeks, according to the RNAiso Plus (Takara, Shiga, Japan) total RNA extraction kit instructions. Moloney murine leukaemia virus (M-MLV) reverse transcriptase (RNase H À ; Takara) was used to synthesize cDNA. Conventional PCR amplification was performed with the obtained cDNA serving as the template using 29 EasyTaq The agarose was separated by 1.2% horizontal gel electrophoresis, the gel was placed in a gel imaging system (UVP, Upland, CA, USA) for semi-quantitative analysis, and pulp cell differentiation into odontoblastlike cells was tested.
Gelatine zymography
Proteolytic activity was examined on 8% polyacrylamide gel containing 10 mg mL À1 gelatine by sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis. The odontoblast-like cell medium after 3-4 weeks of differentiation was mixed with an equal volume of the sample loading buffer without dithiothreitol for vertical electrophoresis. After electrophoresis, the gel was sliced into strips of approximately 1 cm, washed three times with 2.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and vibration at room temperature for 20 min each and rinsed twice with distilled water for 30 min each. 
Statistical analysis
Data are expressed as means AE standard deviations and were analysed using one-way analysis of variance. Pairwise comparison of multiple samples was performed using the least significant difference t-test. Linear regression analysis was performed using ImageJ grayscale image analysis software (National Institutes of Health). P < 0.05 (two-sided) was considered to indicate statistical significance.
Results
HEMA inhibits proliferation and migration of human pulp cells
Pulp cell viability levels 24, 48 and 72 h after treatment with HEMA solution at different concentrations are shown in Fig. 1a . The pulp cell viability of the control sample without HEMA treatment was set as 100% at each time-point, and the viability of HEMA-treated cells was normalized relative to the control value at the same time-point. Cell viability was reduced in HEMA solution-treated cells relative to the control level for the same treatment duration (P < 0.05). With 50, 100 and 200 lg mL À1 HEMA treatment groups, cell viability was greater at 24 h than that at 48 h and 72 h (P < 0.05); viabilities were similar between 48 and 72 h (P > 0.05). Augmenting the HEMA solution concentration resulted in more a pronounced reduction in cell viability (P < 0.05). Pulp cell proliferation and division were active at 24 h, with no apparent inhibition. Increased HEMA concentration and treatment time inhibited pulp cell proliferation significantly and decreased viability dramatically at 48 and 72 h. Thus, HEMA exhibited a time-and concentration-dependent inhibitory influence on cell proliferation. Cells in the control group grew well in fusiform and stellate shapes. Toroid-shaped nuclei were centrally located, with clear nucleoli and abundant cytoplasm in the vigorous growth phase. The morphology of cells treated with 100 lg mL À1 HEMA solution was similar to that of the control group. However, treatment with 400 lg mL À1 HEMA resulted in significantly reduced cell density and inhibited cell growth. With 800 lg mL À1 HEMA treatment, the cells started to become rounded with cellular debris. In the 1500 lg mL À1 HEMA group, large numbers of dead cells were observed, and only a few severely deformed cells survived (Fig. 1b) . Similar results were reported in a previous publication (Williams et al. 2013) ; HEMA concentrations >3 mmol L À1 (~400 lg mL À1 in this case) reduced cell viability dramatically, to <80%. In the present study, although such concentrations inhibited cell proliferation, the change in cell viability was negligible; no obvious cell apoptosis occurred. Thus, HEMA concentrations ≤400 lg mL
À1
were considered to be noncytotoxic doses. After normal culture for 48 h, relative to control cells, significantly fewer cells treated with 100 and 400 lg mL À1 HEMA migrated to the lower Transwell chamber (Fig. 1c) . The quantity of migrating cells decreased with increasing HEMA concentration (Fig. 1d) .
Induction of human pulp cell differentiation into odontoblast-like cells
After 2 weeks of primary culture, fusiform and stellate pulp cells were released from the tissue block edges. Nuclei were located in cytoplasm centres and some
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cells were growing in layers. After passaging, the cells showed a fascicular arrangement ( Fig. 2A) . After induction of differentiation, the continuously cultured cells were tightly arranged, and they began to grow in reticular layers after 1 week. After 3 weeks, the cells formed dense clumps with false unipolar projections and central mineralized nodules (Fig. 2B) .
RT-PCR showed higher BSP (201 bp) and ALP (476 bp) expression levels in pulp cells induced to differentiate than in those with no induced differentiation. No DSPP expression (601 bp) was detected in pulp cells that were not induced (Fig. 2C ).
HEMA inhibits MMP-2 and MMP-9 expression in human pulp and odontoblast-like cells
Pulp cells MMP-2 and MMP-9 were expressed in pulp cells treated with 100 and 400 lg mL À1 HEMA and in control cells after 48 h normal culture. However, MMP-2 ( Fig. 3a) and MMP-9 (Fig. 3b) expression levels decreased significantly with increasing HEMA concentration, relative to the control group. HEMA thus inhibits MMP-2 and MMP-9 expression in human pulp cells in vitro. International Endodontic Journal, 51, e157-e166, 2018
Odontoblast-like cells Gelatine zymography demonstrated much greater expression of MMP-2 than of MMP-9. The 72-kDa and 62-kDa bands represented zymogen and the activated form of MMP-2, respectively, whereas MMP-9 was detected only in zymogen form (92 kDa; Fig. 4a ). The use of different HEMA concentrations showed dose-dependent inhibition after incubation for 24 h (Fig. 4b) . The concentrations used were 0.5%, 2%, 5% and 10%, equivalent to 5, 20, 50 and 100 lg mL
À1
, respectively. The 10% HEMA concentration had a strong inhibitory effect. However, the zymogen of MMP-2 was not completely inhibited. In the EDTA-treated positive control, MMP-2 and MMP-9 were completely inhibited.
Discussion
HEMA is a diluted monomer that is commonly used in dentine adhesive systems. Compared with several other matrix monomers, such as bisphenol A-diglycidylether methacrylate, urethane dimethacrylate and triethylene glycol dimethacrylate, HEMA penetrates the hybrid layer more easily, due to its molecular-sieve characteristics, which mediate a combination of dentinal collagen and hydrophilic/hydrophobic properties of resin material. A high concentration of HEMA (≥300 lg mL À1 ) was required to inhibit cell proliferation (i.e. decreases in cell density). Compared with Bis-GMA, MDP and TEGDMA, HEMA had a higher minimum concentration (250 lg mL À1 ) to achieve significant inhibition of cell viability (Nishida et al. 2010) . However, its elution stems primarily from the polymerization network (Kaga et al. 2001) . The eluted monomers can contact the collagen fibre network of exposed dentine directly, and even enter the pulp chamber through dentinal tubules to contact odontoblasts on the surface and dental pulp cells in the deep layer. The early use of resin-dentine adhesive systems was aimed at cavity repair and the prevention of bacterial contamination (Cox et al. 1995 . However, clinical observations revealed that the application of HEMA-containing dentine adhesive systems to the direct capping of a cavity near the pulp may lead to chronic inflammation without odontoblast formation, even at adhesive interfaces with no bacterial contamination, which affects dentine bridge formation (Pereira et al. 2000 , Silva et al. 2006 . In addition, direct capping of pulps with a dentine adhesive system affected pulp tissue repair and regeneration adversely. Healing of damaged pulp tissue is a complex process that requires multiple steps, including proliferation, migration and mineralization of pulp cells. Damaged pulp can be healed through the formation of a hard-tissue barrier or reparative dentine. The migration of pulp stem cells to substitute for irreversibly damaged odontoblasts after differentiation is an important step in this process.
The present results showed that HEMA inhibited the proliferation of human pulp cells in a dose-and time-dependent manner, with higher HEMA concentrations and longer treatments having more obvious inhibitory effects. Previous reports have described the effect of HEMA on cell viability. Long-term exposure to tiny amounts of HEMA limited certain immunological functions of cells (Andersson & Dahlgren 2011) . HEMA also caused the production of reactive oxygen species, thereby influencing cell survival and cell death . Further, cell proliferation and survival are regulated by cell growth factors (Chambard et al. 2007) , and HEMA may interfere with the regulation of intracellular homoeostasis, leading to apoptosis (Schweikl et al. 2006 ). HEMA at a dose leading to a 20% reduction in cell viability inhibited the migration of human pulp cells and that this inhibitory effect increased with the HEMA concentration, consistent with previous findings (Williams et al. 2013) . These findings suggest that HEMA inhibits the migration and differentiation of pulp cells into the odontoblast layer in vitro. For this reason, performance of the necessary covering operation before adhesive repair of a cavity near pulp, or in subadult dentition, might be important.
Western blots showed inhibited MMP-2 and MMP-9 expression in HEMA-treated pulp cells, indicating that HEMA down-regulated the expression of these MMPs whilst inhibiting pulp cell migration. Previous research has proven that pulp cell migration can mediate different signalling pathways and that International Endodontic Journal, 51, e157-e166, 2018 HEMA-mediated inhibition of this migration is associated with the phosphorylation signalling proteins focal adhesion kinase and P38 (Williams et al. 2013) . Increased phosphorylation of extracellular signalregulated kinase 1/2 has also been observed in HEMA-treated cells (Spagnuolo et al. 2008) . However, whether the suppression of MMP-2 and MMP-9 expression is regulated by these signalling proteins or other signalling pathways remains unclear.
In the presence of b-sodium glycerophosphate, in vitro cultures of pulp cells can be induced to differentiate into odontoblast-like cells (Couble et al. 2000) . This induction is biologically similar to that of bone marrow stromal stem cells differentiating into osteoblasts (Gronthos et al. 2000) . In the present study, differentiation of dental pulp cells was induced successfully. MMP-2 zymogen and activated MMP-2 were detected, as well as MMP-9 zymogen, in human odontoblast cells, similar to the results of previous studies (Lehmann et al. 2009 ). Moreover, HEMA inhibition of MMP-2 and MMP-9 secreted by human odontoblast-like cells became more obvious with increasing HEMA concentrations. The underlying mechanism may involve the coordination of oxygen from a hydroxyl group with a bivalent cation (Zn 2+ ), leading to reversible MMP inhibition in the initial stage; the collagen amino then forms a covalent bond with hydrogen, causing irreversible inhibition.
Study limitations
The results of this in vitro study must be interpreted carefully, as other components in dentine adhesive systems, such as acidic monomers, can influence the effect of the adhesive on MMP activity. However, this study demonstrated the ability of HEMA to inhibit MMP-2 and MMP-9 expression and activity, even at a low concentration (400 lg mL
À1
). Because the use of a noncytotoxic dose of HEMA is of importance for cell viability, future research is needed to establish how HEMA concentration affects cell viability and to establish unequivocally the mechanisms of MMP inhibition by HEMA in vivo.
Conclusion
HEMA inhibited the expression and activity of MMP-2 and MMP-9 in human pulp cells and odontoblast-like cells in vitro. MMPs in pulp tissue, odontoblasts and dentine are homologous. The inhibition of MMP activity by HEMA may protect against type I collagen degradation effectively during dentine adhesive or bonding operations, which can maintain the stability of the resin-dentine bonding interface and improve dentine adhesive durability. Further in vivo research is needed to explore, in real clinical cases, whether the HEMA eluted from polymerization is within the range of a noncytotoxic dose and whether MMPs are inhibited.
